We propose a new extension of the Standard Model by a U (1) B−L gauge symmetry in which the anomalies are canceled by two right-handed neutrinos plus four chiral fermions with fractional B − L charges. Two scalar fields that break the B − L symmetry and give masses to the new fermions are also required. After symmetry breaking, two neutrinos acquire Majorana masses via the seesaw mechanism leaving a massless neutrino in the spectrum. Additionally, the other new fermions arrange themselves into two Dirac particles, both of which are automatically stable and contribute to the observed dark matter density. This model thus realizes in a natural way, without ad hoc discrete symmetries, a two-component dark matter scenario. We analyze in some detail the dark matter phenomenology of this model. The dependence of the relic densities with the parameters of the model is illustrated and the regions consistent with the observed dark matter abundance are identified. Finally, we impose the current limits from LHC and direct detection experiments, and show that the high mass region of this model remains unconstrained.
I. INTRODUCTION
One of the main problems in particle physics today is to find out what is the New Physics that lies beyond the Standard Model (SM). For a long time, supersymmetric models were considered the most promising candidates; they are well-motivated theoretically and, thanks to the plethora of new supersymmetric particles, they give rise to multiple experimental signals that may be observed in current detectors. So far, however, none of these signals has actually been detected. The LHC, in particular, has not found any evidence of supersymmetric particles (see e.g. Refs. [1] [2] [3] ), casting doubt on their existence. Nowadays, non-supersymmetric models seem to be preferred as candidates for New Physics.
Among them, those that can account for neutrino masses and dark matter (DM) are clearly favored. Oscillation experiments have established, beyond reasonable doubt, the existence of non-zero neutrino masses, a fact that cannot be explained within the SM [4] .
Cosmological observations, on the other hand, indicate the existence of an exotic form of matter, dubbed DM, that is not made up of any known particle [5] . Given that the evidence for neutrino masses and DM requires New Physics beyond the SM, it makes sense to focus our attention in models that can simultaneously solve both of these problems. In addition, it would be helpful if this New Physics also gives rise to observable signals in current experiments, including the LHC.
Models based on an extra gauge symmetry of B − L, U (1) B−L , fit the bill. They all include a new gauge boson (Z ) that couples to both leptons and quarks, inducing detectable signals at colliders such as the LHC [6] . They naturally lead to a realization of the seesaw mechanism of neutrino mass generation [7] , which is the most appealing way of explaining the smallness of neutrino masses. They can also easily accommodate scalar or fermion DM [8] [9] [10] [11] [12] [13] . Additionally, they are well-motivated theoretically as they often appear in GUT theories based on the SO(10) group [14] .
Different realizations of the U (1) B−L extension have been considered in the literature [8, 12, 15, 16] but they all require additional fermions charged under B − L to cancel the anomalies. The most common way to do so is to include three right-handed neutrinos (with B − L charge equal to −1), which usually play also a role in neutrino mass generation.
Models without right-handed neutrinos have also been studied [10, 12, 17] . In Ref. [12] , for instance, the anomalies are canceled by four chiral fermions with fractional B − L charges that help explain the DM.
In this paper we put forward a novel realization of the U (1) B−L extension in which the anomalies are canceled partially by two right-handed neutrinos and partially by the DM particles. The crucial point is that current neutrino data requires only the existence of two massive neutrinos, which can be achieved via the seesaw mechanism, with just two righthanded neutrinos rather than the usual three. To cancel entirely the anomalies we then add four chiral fermions with fractional B − L charges. After symmetry breaking, these fermions arrange themselves into two Dirac particles, both of which turn out to be automatically stable and to contribute to the DM density. This model, therefore, realizes a two-component DM scenario (see e.g. Refs. [18] [19] [20] [21] [22] ) in a natural way, without any discrete symmetry. In the scalar sector, the model contains only two additional scalar fields that break the B − L symmetry and give masses to the new fermions. We study the phenomenology of this model in some detail, with particular emphasis on the DM aspects. Current bounds from colliders and DM direct detection experiments are also analyzed.
The rest of the paper is organized as follows. In section II the model is introduced and the free parameters are identified. The generation of SM neutrino masses is discussed in section III. The dependence of the relic densities with the parameters of the model is illustrated in section IV. In section V we show the results of an intensive scan over the parameter space of the model. The viable regions are characterized and the constraints from collider and direct detection experiments are imposed. Finally, we draw our conclusions in section VI.
II. THE MODEL
We propose a model that extends the gauge symmetry of the SM with an additional U (1) of baryon minus lepton number (B−L), that is based on
With just the SM fermions, this model is not anomaly-free as both the anomaly with three B − L gauge bosons and the gravitational anomaly with one B − L gauge boson turn out to be different from zero. The usual way of canceling them is by adding three right-handed neutrinos, which are singlets of the SM and have charge −1 under B − L. Here, we suggest instead a novel way of canceling the anomalies with six fields: two right-handed neutrinos plus four chiral fermions, which are singlets of the SM and have fractional B − L charges. These fractional charges are not unique. In our model we take them to be 10/7, −4/7, −2/7 and −9/7 respectively for the fields ξ L , η R , ζ R and χ L , where L and R denote the chirality.
It is straightforward to check that the anomalies indeed cancel with this assignment for the six chiral fields.
Regarding the scalar sector, the model contains only two new fields (φ 1, 2 ), both singlets of the SM and with B − L charges 1 and 2, respectively. These two scalars are enough to spontaneously break the B − L symmetry and to give masses to all the new fermions. The full particle content of our model with their respective charges is displayed in Table I .
The most general Lagrangian involving the new fields and consistent with the
where g BL is the gauge coupling associated to the U (1) B−L group and Z µ is its corresponding gauge boson. The new scalar potential reads
The conditions for this potential to be bounded from below are
The spontaneous symmetry breaking of The fields H 0 , φ 1 and φ 2 can be parameterized in terms of real scalars and pseudoscalars
The minimization conditions of the scalar potential imply that
Because φ 1 and φ 2 are charged under B − L, their vevs induce a non-zero mass for the neutral gauge boson Z associated with the B − L gauge symmetry. This mass is given by
It is convenient to define a new dimensionless parameter, tan β, as the ratio between the vevs of the scalars fields φ 1 and φ 2 : tan β ≡
. Thus,
so that v 1 and v 2 can be written in terms of M Z , g BL and tan β.
Since the Z couples to the SM fermions, its mass and coupling can be constrained with collider data. From LEP II the bound reads [23, 24] M Z g BL 7 TeV.
Going back to the scalar potential, Eq. (2), notice that the terms proportional to ρ 1 and ρ 2 induce mixing between the SM Higgs boson and the two new scalar fields. Since the scalar boson observed at the LHC with a mass of M h 126 GeV is very much SM-like, this mixing is necessarily small. For simplicity, in the following we will neglect it, effectively setting ρ 1, 2 to zero.
The scalar CP-even spectrum thus consist of the SM Higgs plus two other states which mix with each other according to the mass matrix
in the (h 1 , h 2 ) basis. The resulting mass eigenstates, denoted by H 1 and H 2 , are related to h 1, 2 via the mixing angle, θ:
It is convenient to take as free parameters of the scalar sector the physical masses of H 1, 2
(M H 1, 2 ) and the mixing angle θ. The couplings λ i can then be expressed in terms of them as
The mass matrix for the CP-odd scalars in the basis (A 1 , A 2 ) is given instead by
and, as expected, has an eigenvalue equal to zero -the would-be Goldstone boson that becomes the longitudinal mode of the Z . The mixing angle, α, in this sector is defined by
where G is the Goldstone whereas A is the physical CP-odd scalar. The mixing angle α is entirely determined by the vevs according to sin α = − 4v 
This model predicts, therefore, the existence of 3 scalar fields beyond the SM Higgs: Lagrangian terms proportional to y 1, 2 whereas the remaining four chiral fermions form two Dirac particles, which we will denote by ψ 1 and ψ 2 :
Their masses are given by
respectively for ψ 1 and ψ 2 .
From the Lagrangian one can see that ψ 1 and ψ 2 are both automatically stable. In fact, the model is accidentally invariant under two independent Z 2 symmetries: one under which ξ L and η R are odd while the rest are even; and another under which the odd particles are instead χ L and ζ R . That is the reason why we get two stable particles. Besides being stable, ψ 1 and ψ 2 are neutral under the SM gauge group, which renders them viable DM candidates.
This model realizes, therefore, a two-component DM scenario.
All in all, this model introduces 17 additional parameters: four masses for the new 
III. NEUTRINO MASSES
In this model neutrino masses are generated via a seesaw mechanism with two righthanded neutrinos [25] . As a consequence, a massless active neutrino should be present in the spectrum. If all three neutrinos were found to be massive this model would be excluded.
The Majorana masses of the two right-handed neutrinos appear after the breaking of the B − L symmetry and are given by
and are therefore expected to be below v 2 . v 2 contributes to the mass of the Z and induces the mass of ψ 1 , one of the two DM particles present in this model. As we will see in the next sections, the DM constraint requires these masses (and consequently v 2 ) to be around the TeV scale. Thus, we actually have a TeV scale realization of the seesaw mechanism [26] [27] [28] [29] with two right-handed neutrinos.
The light neutrino mass matrix is given by the usual seesaw formula,
which can be inverted with the Casas-Ibarra parameterization [30] to express the Yukawa couplings, y ij , in terms of measurable quantities (neutrino masses, mixing angles and phases) and one additional complex angle [25] . This scenario is thus, by construction, consistent with current neutrino data.
IV. DARK MATTER PHENOMENOLOGY
A remarkable feature of this model is that it automatically incorporates two DM particles, ψ 1 and ψ 2 , that both contribute to the DM density. Their relic abundances are denoted respectively as Ω 1 and Ω 2 and their sum should coincide with the observed DM density, [5] . ψ 1 and ψ 2 are Dirac fermions and they interact with the new scalars and with the Z . The vector and axial couplings between the DM particles and the Z can be read off the Lagrangian and are given by
They can be used to understand semi-quantitatively different DM observables. The annihilation of the DM particles into SM fermions mediated by the B − L gauge boson - Fig. 1 (a)-, for instance, has a cross section that, in the non-relativistic limit and neglecting fermion masses, is given by
where Γ Z is the total decay width of the Z whereas (N f c , g f V ) is equal to (1, −g BL ) for leptons and to (3, g BL /3) for quarks. Thus, for M 1 = M 2 , and provided that the scalar interactions can be neglected, the relic densities of the two DM particles will be related by
That is, ψ 1 and ψ 2 would account, respectively, for about 75% and 25% of the observed DM density. In this case, the annihilation final states are determined by the B − L quantum numbers and are given, in order of increasing importance, by charged leptons, neutrinos, right-handed neutrinos (if kinematically allowed), and quarks, with the same contribution from each flavor.
The DM particles in this model can also annihilate into right-handed neutrinos via the s-channel exchange of scalar mediators -see Fig. 1 (b) . Notice that in such a diagram all of the new particles of this model play a role. The new fermions appear as initial and final states whereas the new scalars are the mediators. These scalars can also appear as final states, Fig. 1 (c) , a process that, as will be seen, is more relevant at high DM masses. Other possible final states include Z Z and SZ , where S = H 1 , H 2 and A.
To accurately compute the DM relic density, including all possible final states, we have implemented this model into LanHEP [31] and MicrOMEGAs [32] , which since its version 4.1 has the capability of dealing with two DM particles. As a check, we also implemented the model, independently, in SARAH [33] [34] [35] and verified that our results were consistent.
Let us now investigate the dependence of the relic densities, Ω 1 and Ω 2 , on the parameters of the model. The Yukawa couplings y ij play no role whatsoever in the DM phenomenology so, for the rest of the paper, we will focus on the remaining 11 parameters. In Fig. 2 whether such regions are also consistent with other current experiments, particularly the LHC and direct detection experiments, and whether they can be probed in the future. That is what we will do in the next section.
V. THE VIABLE PARAMETER SPACE
As we have seen in the previous section, the relic density can be obtained via gauge or scalar interactions, and agreement with the observed DM density is achieved typically close to the resonance regions. To facilitate the exploration of the parameter space of this model and the determination of the regions consistent with the DM constraint, we will now limit our analysis to regions where the relic densities are obtained close to the Z resonance.
Such parameter space points are also expected to be the most interesting ones, due to the correlations between the relic density, direct detection limits, and collider bounds on the Z .
We have done a random scan over the parameter space of this model, according to the ranges in Table II . A point is considered viable if it is consistent with the LEP bound from Eq. (7), with the observed DM density, with perturbativity (|λ| < 1, for all dimensionless scalar and Yukawa couplings), and with vacuum stability, Eq. (3). The perturbativity and stability conditions were also analyzed at higher scales by using the two-loop Renormalization Group Equations of the model calculated using SARAH [33] [34] [35] . By following the criteria defined for example in Ref. [36] , we evaluated the couplings at higher scales and checked against Landau poles, vacuum stability, and perturbativity (of dimensionless scalar and Yukawa couplings). If any of these conditions was broken at some scale Λ below the highest mass in the model, such parameter space point was discarded. Very few models in our sample (about 5%) needed to be discarded due to this RGE criterion.
In the following we will project the viable models into different planes so as to characterized them. To begin with, the correlation between the DM masses and the gauge boson mass is illustrated in Figs. 6 and 7. We know that, by construction, M 1 and M 2 are necessarily close to 1 2 M Z -see Table II -so it is not surprising that all viable models lie within a narrow band in this plane, as seen in Fig. 6 . Still, one can see that this band becomes slightly wider in the central part, a feature that is more evident in approximately. That is, tan β tends to get close to 1 at high masses.
The Yukawa couplings, a and b in Eq. (1), associated with the DM particles are displayed in Fig. 9 . Since we imposed the perturbativity bound, all viable models feature a, b < 1. From the figure we see that the minimum value of a, b increases with M Z , which makes it more difficult to find viable models at high masses. Notice that there are plenty of models, over a wide range of masses, that saturate the perturbative bound we imposed.
Since we have two DM particles in this model, an important question to address is whether it is ψ 1 or ψ 2 that tends to dominate the DM density. Fig. 10 the set of viable models. One can see that the range of variation of Ω 1 /Ω 2 gets reduced as M Z increases, going from about (10 −2 , 10 3 ) at low Z masses to about (1, 4) for the highest masses found in our scan. In particular, a scenario where both DM particles yield similar contributions to the observed DM density can be easily realized within this model.
This set of viable models we have found is further constrained by collider searches at the LHC and by DM detection experiments. Among the latter, it is the direct detection experiments that are expected to set the most relevant bounds in multi-component dark matter scenarios [20] , so we will focus on those. CMS constraints on this channel). We see that this collider bound is quite strong, essentially excluding M Z below 2 TeV and partially constraining the region between 2 TeV and 5 TeV.
The region M Z 5 TeV, instead, is not constrained by current LHC data. Given that
TeV (see Fig. 6 ), the region not currently constrained by the LHC corresponds to DM masses above 2.5 TeV whereas DM masses below 1 TeV are already excluded.
Additionally, in this model DM can scatter elastically off nuclei via a tree-level exchange of a Z in the t-channel. The spin-independent cross section for scattering of the DM off of a nucleon is given by
where m n is the nucleon mass. Notice, in particular, that this cross section is independent of the DM masses. According to this formula, the scattering cross section is a factor 3.4 larger for ψ 2 than for ψ 1 -see Eq. (20) . It must be kept in mind, however, that, since we are dealing with a two-component DM scenario, the relevant experimental quantity is not simply the cross section but rather the product of the cross section times the DM fraction:
and Ω 2 /Ω DM σ SI 2 . At high masses, for instance, Ω 1 tends to be slightly larger than Ω 2 (see Fig. 10 ), which may compensate for the smaller value of the ψ 1 cross section. Fig. 12 shows the viable models in the planes (Ω i /Ω DM σ SI i , M i ) for both DM particles.
As can be seen in the figure, Ω i /Ω DM σ SI i varies between a maximum of 10 −9 − 10 −8 pb and a minimum of 10 −15 − 10 −14 pb. For comparison, we also show the current limit from XENON1T [39] as well as the projected sensitivities of LZ [40] and DARWIN [41] . A small region of the parameter space is already excluded by current direct detection experiments, and a much larger one lies within the expected sensitivity of future detectors. Future direct detection experiments, in particular, will probe DM masses as high as 6 TeV, well beyond the reach of current LHC searches (∼ 2.5 TeV). From the figure one can also see that many viable models lie below the sensitivity of DARWIN and will not be probed by future direct detection experiments.
VI. CONCLUSIONS
The experimental evidence in favor of dark matter (DM) and neutrino masses compel us to look for physics beyond the Standard Model (SM). In this paper we proposed a new, and rather minimal, extension of the SM by an U (1) B−L gauge symmetry. This model has a very rich phenomenology: neutrino masses are generated via a TeV scale seesaw mechanism that leaves one neutrino massless. Additionally, at colliders such as the LHC, it gives rise to interesting signals associated with the new gauge boson of B − L. Moreover, regarding DM, it automatically incorporates, without the need of any discrete symmetries, two DM particles, both of which are expected to contribute to the total DM density. A novelty of this model is that the anomalies are canceled partially by two right-handed neutrinos and partially by the DM particles, providing a connection between neutrinos and DM analogous to that one between leptons and quarks in the SM. The only other particles required in the model are two scalar fields that break the B − L symmetry and give masses to the new fermions -of Majorana type for the neutrinos and of Dirac type for the two DM particles. We described the model in detail and analyzed its most relevant phenomenological aspects. The dependence of the relic densities with the parameters of the model was illustrated and the regions consistent with the DM constraint were identified. We showed that, after imposing the current bounds from LHC and direct detection experiments, the high mass region of this model remains unconstrained.
